Objective. Gut microbial products are involved in type 2 diabetes, obesity and insulin 47 resistance. In particular, hippurate, a hepatic phase 2 conjugation product of microbial 48 benzoate metabolism, has been associated with a healthy phenotype. This study aims to 49 identify metagenomic determinants and test protective effects of hippurate.
INTRODUCTION

76
The human obesity epidemic raises the risk of type 2 diabetes and cardiovascular disease. 
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To identify microbial and host compounds mediating beneficial effects in metabolic health, 212 we profiled the urinary metabolome of the MetaHIT population [4] using 1 H nuclear magnetic 213 resonance (NMR) spectroscopy to perform a Metabolome-Wide Association Study 214 (MWAS) [11] for microbial gene richness, a proposed criterion of metabolic and immune mediate some of the observed benefits for subjects with higher gene richness. However, hippurate associations with bioclinical variables adjusted for gene richness are no longer 244 significant, suggesting that the gene richness signal overrides hippurate associations in the 245 presence of confounding variation affecting urinary concentrations, such as diet, microbial 246 synthesis, host conjugation and clearance. Hippurate did not correlate either to glycine 247 bioavailability, which is required for hippurate synthesis through conjugation with gut 248 microbial benzoate [32] or kidney function (eGFR) which could limit hippurate synthesis and 249 clearance (Supplementary Figure 1D -E).
251
Microbiome determinants of hippurate production in the phenylpropanoid pathway
252
To characterize the microbial determinants of benzoate production, we next focussed on 253 high-throughput shotgun sequencing fecal metagenomics data (n=271). We functionally 254 annotated functions of the IGC to KEGG Orthology (KO) groups and found 2,733 KEGG and 255 6,931 EggNOG modules positively associated with urine hippurate levels (pFDR<0.05,
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Supplementary Tables S1-2 
262
of individuals (Figure 2A , Supplementary Table S3 ). Abundance of these modules also 263 correlated with gene richness ( Supplementary Table S4 ), thereby providing a functional 264 basis for the association between gene richness and urine hippurate levels observed in this 265 population ( Figure 1 ). Genes involved in MC0004 and MC0005 were predominantly found in 266 genomes from unclassified Firmicutes and Clostridiales ( Figure 2B , Supplementary 
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Enterobacter, Suterella and Comamonas ( Figure 2B ). We then mapped these modules into 270 the enteroscape (as observed on the principal coordinates plot derived from normalized 271 genus abundances using Bray-Curtis distances,[26] Figure 2C ), revealing that the 272 conversion of cinnamic acid into 3-hydroxy-3-phenylpropionic acid is linked to the 273 Ruminococcus enterotype, while capacity to convert cinnamate to benzoate is more 274 ubiquitously distributed across gut community types. Phenylpropanoid pathway potential is enterotypes ( Supplementary Table S7 ). The results altogether suggest a wide range of 278 substrates, taxa and species are involved in benzoate production, consistent with its 279 association with gene richness. 
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fish containing unsaturated fats on PC2 ( Figure 3A ), a trend which was observed at the food 290 ingredient and nutrient level ( Supplementary Figure 2A 
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3B). Gene richness accounted for 12% (P=0.002), followed by MC0020 encoding a 299 hippurate dehydrolase (4%, P=0.002, observed in 271 subjects) catalysing the 300 retroconversion of hippurate into benzoate, and HOMA-IR (1.5%, P=0.008; n=265). When 301 taking diet into account (i.e., PC1 fruits and vegetables vs. meat; n=193) in the dbRDA, gene 302 richness contributes to 15% (P=0.002), diet adding another 4% (P=0.002) and hippurate 303 retroconversion 3% (P=0.004), suggesting that the pattern of hippurate associations could 304 be diet-dependent and requiring further analysis. We therefore stratified the data according Supplementary Table S8 ). Urine hippurate was not associated with any health benefits in the 315 subsets of participants consuming mostly a fruit and vegetable diet, a pescetarian diet or a 316 carbohydrate-rich diet ( Supplementary Table S8 ).
318
To disentangle contributions arising from hippurate and gene richness to bioclinical variables 319 in subjects consuming a diet rich in fats, we compared unadjusted and adjusted Spearman's 320 rank-based correlations ( Figure 3H ). In the population consuming higher amounts of meat 321 and saturated fats, elevated urine hippurate levels significantly associated with an increase 322 in fasting plasma adiponectin and a reduction in adiposity, BMI, HOMA-IR and fasting 323 plasma insulin, which is consistent with gene richness being significantly associated with an 324 increase in adiponectin and a decrease in HOMA-IR and fasting plasma insulin. However, 325 the associations between gene richness and bioclinical variables were no longer significant 326 when adjusting for urine hippurate levels. Conversely, hippurate associations with insulin 327 and HOMA-IR were still significant after gene richness adjustment. We exemplified this 328 through a correlation graph taking into account the correlation between hippurate and gene 329 richness (r=0.44): this unadjusted correlation between gene richness and HOMA-IR 330 collapses when adjusting for gene richness (rho=0.143, n.s.) and is in fact contributed for by 331 a partial correlation between urine hippurate and HOMA-IR ( Figure 3I ). The latter finding 
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We next analysed hepatic fibrosis through quantitative analysis of collagen detected by red 373 picrosirius staining of histological sections ( Figure 6A ). Hippurate treatment resulted in a 374 marked reduction of liver collagen in mice fed control diet (-53.2%) or HFD (-55.7%),
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whereas benzoate had no effects on collagen levels in these mice ( Figure 6B,C) . These Figure 6C ). feeding (+273.86%) ( Figure 7B ,C). Hippurate induced a marked reduction in a-SMA staining in stellar cells when compared to mice treated with saline (+564%, P=10 -7 ) or hippurate 387 (+3,741%, P=10 -7 ), thereby indicating liver inflammation in these mice ( Figure 7B ).
388
Collectively, these data show that hippurate decreases fibrosis and inflammation regardless 389 of diet, whereas benzoate reduces triglycerides and collagen accumulation in obese mice 390 fed HFD whilst stimulating inflammation in lean mice fed control diet. Supplementary Table S3 for correlation between Supplementary Table S8 ) for 518 individuals on high PC1 (i.e. high meat / high saturated fat diet). For full name description of 519 physiological data see Supplementary Table S8 . 
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Representation of the absence of significant correlation between urinary hippurate and 
